ABSTRACT The aim of this study was to determine the impact of probiotic feeding and chronic heat stress on meat quality, total lipid and phospholipid contents, lipid oxidation, antioxidant capacity, and heat shock protein abundance of broiler breast muscle. A total of 240 male broilers (5 birds per pen) were subjected to 4 treatments consisting of a 2 × 2 factorial design. Broilers were kept at 21-32-21
INTRODUCTION
High ambient temperature with global climate change, leading to heat stress (HS), is a growing issue for poultry production (Fouad et al., 2016) . Heat stress considerably reduces viability, immunity, and growth performance of chickens (Azad et al., 2010) , causing economic loss for the poultry industry between $128 and $165 million in the United State poultry production (St-Pierre et al., 2003) . Broilers exposed to HS show reduced feed intake and digestion capability, which, in turn, decreases breast muscle size (or its portion in carcass) and protein contents (Zhang et al., 2012) .
With the decline in metabolism, in addition, both various acute stress and chronic HS could cause adverse impacts on broiler meat quality, such as pH decline rate, color, water-holding capacity (WHC), and/or tenderness (Aksit et al., 2006 (Aksit et al., , 2010 . Besides, overheatinduced oxidative stress overproduces reactive oxygen species (ROS) in chickens, resulting in oxidative damages to skeletal muscles and to biological contents such as lipids and proteins (Azad et al., 2010) .
Recently, interest is gaining in probiotics to combat oxidative damage from HS in the poultry industry. Various dietary probiotic supplementations have been shown to improve growth rate, feed efficiency, and immunity in chickens (Eckert et al., 2010) . Moreover, probiotic feeding could also improve broiler meat quality, such as WHC, tenderness, and oxidative stability (Kim et al., 2016) . A recent study by Jahromi et al. (2016) suggested that feeding probiotics to heat-stressed chickens enhances weight gain and feed conversion ratio, and improves antioxidant capacity in organs as well as in muscle tissue. However, little research has investigated the effect of probiotic feeding on meat quality of broilers exposed to chronic HS. Therefore, the objective of this study was to determine the impact of probiotic feeding and chronic HS on meat quality, total lipid and phospholipid contents, lipid oxidation, antioxidant capacity, and heat shock protein (HSP) abundance of broiler breast muscle.
MATERIALS AND METHODS

Sample Preparation and Experimental Design
The husbandry and the following procedures were approved by the Purdue Animal Use and Care Committee (PACUC Number 1,111,000,262). A total of 240 1-day-old male chicks (Ross 708 broiler) were obtained from a commercial hatchery (Miller Poultry, Orland, IN) , which were group-weighed and placed in 48 floor pens (243 × 51 cm 2 , 5 chicks per pen). The pens were located in 2 environmentally controlled rooms (room 1 and room 2 with 24 pens each) at the Poultry Research Facility of Purdue University. New wood shavings (approximately 5 cm depth) were used as litter. The ambient temperature in room 1 (thermoneutral group) gradually decreased from 35
• C at 1 d to 21
• C at 15 d (0.5
• C/d) and maintained at 21
• C for the rest of the experiment. The same temperature schedule was set in room 2 (HS group) for the first 14 d. Starting from 15 d, the room temperature was kept at 32
• C for 10 h daily until the end of the experiment (day 46). The lighting program in the both rooms was constant at 30 lx for 23L:1D (23 lights:1 dark) up to day 3, then 10 lx for 20L:4D (20 lights:4 dark) until day 46. The pens within each room were randomly assigned to 2 dietary treatments for 45 d: a regular diet based on each growth phase and the diet mixed with 250 ppm Sporulin (1.0 × 10 6 cfu/g, Pacific Vet Group-USA, Inc., Fayetteville, AR; containing 3 stains of Bacillus subtilis). The level of Sporulin was recommended by the company and tested in our pilot studies. The regular diets were formulated using the recommendations for nutrients by the Aviagen (2014) . To ensure the mixing, birds were fed a mash diet from 1 to 46 d. Birds were fed a starter diet from 1 to 14 d; a grower diet from 15 to 28 d; and a finisher diet from 29 to 46 d. Feed and water were provided ad libitum.
Animal Slaughter and Display
At 46 d, 2 birds were randomly taken from each pen (12 birds per treatment) and were transported to the Purdue Boilermaker Butcher Block for slaughter and processing. The birds were electrically stunned, slaughtered, bled for 120 s, and semiscalded before mechanical picking in a rotary drum plucker. Following evisceration, the carcasses were air-chilled at 2
• C for 24 h, with pH decline measurements being recorded. After 24 h, both sides of breast muscles (Musculus pectoralis major) of each carcass were manually removed by hand and weighed. Two postmortem times (1 and 5 d) were assigned to the right and left breast muscles, respectively. The right-side breast muscle samples were used to determine drip loss, cook loss, shear force, and for biochemistry assays. The left-side breast muscle samples were individually placed on a meat soaking pad on a Styrofoam tray, overwrapped with polyvinyl chloride films (film thickness of 0.5 mil, Reynolds Food Service Packaging, Richmond, VA), and displayed for 5 d at 2
• C under continuous fluorescent natural white light (3,500 K).
pH Measurement
The pH of all broiler breast muscles was measured in triplicate using an insertion-type pH meter (HI 99,163, Hanna Instruments Inc., Woonsocket) at 30 min, 90 min, 150 min, 210 min, 270 min, 18 h, 1 d, and 5 d postmortem after slaughter.
Instrumental Color Measurement
At 1 d postmortem, surface color (bone sides of each left breast muscle) was determined using a Hunter MiniScan EZ colorimeter (Hunter, Reston, VA) equipped with a 25 mm (diameter) port for measuring (3 random locations per breast muscle). The setting for the illuminant was D 65 source and the observer was standard 10
• . Calibration of the instrument was conducted with black and white calibration tiles according to the manufactory manual. CIE L * , a * , and b * values were recorded. Hue angle values were calculated using the following expression: hue angle = tan −1 (b * /a * ) (AMSA, 2012).
Water-holding Capacity
Drip loss of broiler breast muscles was measured at 1 d postmortem with slight modification of the published method (Honikel, 1998) . Samples (2 × 2 × 2 cm 3 , approximately 19.0 g on average) were wrapped loosely in onion netting and were suspended from hooks embedded in plastic containers, which were stored at 4
• C for 48 h. The samples were unwrapped, blotted with blotting paper, and were reweighed. Drip loss was calculated as a percentage of the differences of the sample weights before and after the 48-h drip period.
Cook loss was performed with slight modification of the published method (Barbut et al., 2005) . Broiler breast muscles were placed in a sample bag and cooked in an 80
• C water bath until 75
• C targeted core temperature had been reached. The core temperature was monitored by using a digital temperature logger (OctTemp2000, MadgeTech, Inc., Warner, NH) with a thermocouple (T-type, Omega Engineering, Stamford, CT) inserted into the internal center of each sample. The cooked samples were cooled to room temperature for 20 min by submerging in a cold tap water bath. After cooling, the cooked samples were reweighed. Cook loss was calculated as a percentage of the weight differences before and after cooking. Display weight loss was calculated from the percentage difference between initial weight at 1 d display and final weight at 5 d display (Kim et al., 2016) .
Warner-Bratzler Shear Force
Shear force was performed with slight modification of the method published by Barbut et al. (2005) . After cooking as described above, the cooked samples were held overnight at 4
• C. Four strips (5.0 × 1.0 × 1.0 cm 3 ) were cut by paralleling muscular fibers from the middle of each cooked breast. Shear force was measured using a Warner-Bratzler shear attachment on a texture analyzer (TA-XT Plus, Stable Micro System Ltd, UK). Test speeds were set at 2 mm/s, and data were collected and analyzed for the shear force values as the maximum force required to shear through each sample. Shear force values for each breast sample were averaged for a representative shear force value.
Total Fat Content
Lipids were extracted from samples as described in Lee et al. (1996) . Five grams of breast meat was homogenized in 50 mL of chloroform/methanol solvent (2:1 mL: mL) in a commercial Waring blender. The homogenate was filtered through a filter paper (Whatman No. 1), and the filtrate was separated into 2 layers with 20 mL of 0.5% NaCl solution (wt/vol). Chloroform was evaporated from that phase via hot plate. Lipid content per each sample was measured in triplicate as described by Soyer et al. (2010) , and was calculated as follows: fat content (g/100 g muscle) = [(amount of extracted lipid (g)/sample weight (g)) × (volume of chloroform (mL)/10 mL) × 100].
Phospholipid Content
Phospholipid content was measured in duplicate as described by Stewart (1980) and Eymard et al. (2005) . For total fat content determination, the extracted lipid fraction was diluted to 0.25 mg/mL using chloroform in a 15-mL centrifuge tube. One milliliter of thiocyanate reagent was added to the tube and the mixture was vortex-mixed for 30 s, and then centrifuged at 750 × g for 10 min. The absorbance of the supernatant was read at 488 nm. A standard curve was prepared with phosphatidylcholine/chloroform solution (5 to 50 μg/mL). Phospholipid content was expressed as g phosphatidylcholine equivalent/kg fat.
2-Thiobarbituric Acid Reactive Substances
Lipid oxidation was assessed in duplicate as described by Kim et al. (2016) . Five grams of sample was homogenized with 15 mL distilled water and 50 μL 10% butylated hydroxyl anisole solution in 90% ethanol for 30 s using an Ultra Turrax (Ultra-Turrax T25, Janke & Kunkel IKA-Labortechnik, Staufen, Germany) at 6,000 rpm. One milliliter of the homogenate was mixed with 2 mL of 20 mM 2-thiobarbituric acid solution in 15% trichloroacetic acid solution. The mixture was heated for 15 min in a water bath (80 • C), cooled for 10 min in ice water, and centrifuged at 2,000 × g for 10 min, then filtered through a Whatman No. 4 filter paper. The filtrate was aliquoted to a 96-well plate, and the absorbance was measured at 538 nm using a microplate spectrophotometer (Epoch, Biotek Instruments Inc.). A blank for comparison was prepared with 2 mL distilled water and 4 mL 2-thiobarbituric acid/trichloroacetic acid solution. The TBARS value was expressed as mg malondialdehyde per kg meat (mg MDA/kg meat).
2,2-Diphenyl-1-picrylhydrazyl Radical Scavenging Assay
2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay was determined in triplicate according to the method of Blois (1958) described by Jang et al. (2008) . Briefly, a 200 μL of muscle homogenate was mixed with 800 μL distilled water and 1 mL of 0.2 mM methanolic DPPH solution, which reacted at room temperature for 30 min. The absorbance of the mixture was read at 517 nm (Epoch, Biotek Instruments Inc.). DPPH radical scavenging activity was calculated as follows: DPPH radical scavenging activity (%) = [1 -(absorbance of sample/absorbance of control)] × 100.
Endogenous Antioxidant Enzyme Activity
Antioxidant activities for catalase (CAT; Catalase Assay Kit, Item No. 707,002), superoxide dismutase (SOD; Superoxide Dismutase Assay Kit, Item No. 706,002), and glutathione peroxidase (GPx; Glutathione Peroxidase Assay Kit, Item No. 703,102) were determined using activity kits in accordance with manufacturer instructions (Cayman Chemical Company; Ann Arbor, MI). Then each sample was prepared according to the manufacturer's guideline for tissue homogenate, respectively.
Western Blot Analysis. Gel samples were prepared according to the procedure described by Lonergan et al. (2001) . One gram of frozen muscle sample was minced and homogenized in 10 mL of whole muscle protein extraction buffer (10 mM phosphate with 2% sodium dodecyl sulfate, pH 7.0 at 20
• C). The samples for SDS-PAGE analysis were prepared for a concentration of 4 mg/mL protein by adding the supernatant to extraction buffer to total 1 mL volume, 500 μL Wang's tracking dye, and 100 μL of 2-mercaptoethanol. SDS-PAGE separating (15%, bis-acrylamide solution (100:1)) and stacking (5%) gel were prepared, and gels were loaded with 40 μg proteins.
Western blots were performed as described by Kim et al. (2010) with some modifications. Proteins were then transferred to polyvinylidene fluoride membranes in Tris-glycine buffer at 90 V for 90 min. The membranes were blocked in PBS-Tween solution containing 5% nonfat dry milk. The membranes were incubated in the primary antibody solution containing 3% nonfat dry milk and 1:3,000 monoclonal mouse anti-HSP27 (Abcam; Cambridge, MA) or 1:3,000 polyclonal mouse anti-HSP70 (Thermo Fisher Scientific, Waltham, MA) at 4
• C for 18 h. After incubation, the membranes were washed 3 times for 10 min each with PBS-T solution. The membranes were incubated with the secondary antibody (goat anti-mouse IgG (H+L) horseradish peroxidase conjugate (1:2,000 for HSP27 and HSP70)) for 1 h at room temperature, developed with ECL Western blotting reagents (Thermo Fisher Scientific), and visualized with a UVP GelDoc-It (UVP, LLC, Upland, CA). The levels of each measured protein were presented as a ratio between the intensity volume of samples and the value of an internal control (the same 1 d thermoneutral, regular diet-fed control on each gel).
Statistical Analysis
The experimental design was a 2 (thermoneutral and HS condition) × 2 (regular diet and probiotic feeding) factorial with completely randomized block design, where different diet and ambient temperature were fixed as main effects and chicks were random. All data were analyzed using the PROC MIXED procedure of SAS 9.4 software (SAS, 2012) to determine the significance of main effects and their interaction. Duncan's multiple range test (P < 0.05) was used to determine differences among the treatment means.
RESULTS AND DISCUSSION
A parallel study was conducted to determine the impacts of chronic HS and/or probiotic feeding on behavior and growth performance of the same broilers used in the current study (Wang, 2016) . The previous study confirmed the negative effects of chronic HS through several lines of evidence, such as increased heterophil to lymphocyte ratio (an indicator of stress), increased number of panting and wing spreading (HS induced abnormal behaviors), and reduced amount of feed intake (Wang, 2016) . The study also found that the probiotic feeding could substantially reduce the negative impacts of chronic HS on physiological change, behavior, and growth performance levels of the broilers.
Breast Muscle Weight
The broiler breast muscle weight at 1 d postmortem was influenced by both probiotic feeding (P < 0.0001) and HS (P = 0.0111), but no significant interaction between the 2 main effects was found (Table 1) . The breast muscle weight was significantly higher in the thermoneutral group (188.6 g) than in the HS group (168.8 g) and in the probiotic group (195.5 g) than in the regular control diet group (161.9 g), respectively. Similarly, previous studies have reported that HS could decrease the breast yield of broilers due to reduced growth performance (Lu et al., 2007; Zhang et al., 2012) . On the other hand, it has been suggested that probiotic feeding could improve growth performance and breast yield of broilers (Ali, 2010; Zhou et al., 2010; Zheng et al., 2014) . As stated above, in our parallel study, the growth performance of HS broiler was improved by probiotic supplementation (Wang, 2016) . Thus, the increased breast muscle weight in probiotic group, under each thermoneutral and HS condition respectively, could be related to the improved growth performance.
Initial pH Decline and Ultimate pH
The initial pH decline during 18 h postmortem of broiler breast muscles was shown in Figure 1 . Heat-stressed broilers showed consistently lower pH throughout 18 h of postmortem decline compared to thermoneutral broilers (P = 0.01; Table 2), which was consistent with previous findings (Aksit et al., 2006; Zhang et al., 2012) . In addition, there was a significant interaction on ultimate pH at 24 h postmortem (Table 1), in which probiotic supplementation increased ultimate pH of broiler breasts within HS group (P < 0.05). Previous studies have reported that HS by both cyclic and constant high environment temperature could decrease initial and ultimate pH of broiler breast muscles, as HS typically increases the rate of glycolysis in skeletal muscles and causes a build-up of lactic acid within the muscle tissue (Yalçin et al., 2005; Zhang et al., 2012) . In addition, this study showed that probiotic supplementation could alleviate the pH decline of breast muscles from HS broiler by likely affecting the rate of postmortem glycolysis metabolism. Further studies would be required to elucidate the influence of probiotic feeding on the rate and extent of glycolytic metabolism of broiler muscle upon slaughter.
Instrumental Color
The color characteristics of breast muscles from broilers exposed to HS and/or fed with probiotics were determined at 24 h postmortem. The color characteristics of broiler breast muscles, such as CIE L * (lightness), a * (redness), b * (yellowness), and hue angle (discoloration), were unaffected by HS, probiotic feeding, or their interaction (P > 0.05; Table 1 ). This result indicates that broiler breast muscles collected from this study could have similar color characteristics at 1 d postmortem. Lightness is a measurement of reflectivity, and for poultry products, lightness increases when light is reflected off water exuded from the muscle tissue. This is a well-documented characteristic of the pale, soft and exudative quality defect (Gu et al., 2012) , and as such lightness change has been previously correlated with low ultimate pH and poor WHC (Qiao et al., 2002) . Our findings showed that no differences between treatments for instrumental lightness coincided with no negative impacts of HS on WHC, which will be discussed in detail in the following section.
Water-holding Capacity
To determine supplemental effect of dietary probiotic on WHC of broilers exposed to chronic HS, the analyses of drip loss, cook loss, and display weight loss was conducted (Table 1) . No significant HS, probiotic feeding, and their interaction impacts on drip loss were found. Cook loss was affected by HS, where the breasts from HS group showed a lower cook loss than those raised at thermoneutral temperature (P = 0.0197). However, probiotic feeding did not affect cook loss (P > 0.05). In terms of display weight loss, probiotic feeding significantly (P = 0.0396) reduced the weight loss of broiler breast muscles during 5 d of display storage, regardless of HS.
Several studies found that chronic and acute HS increases water loss in general as percent drip loss and/or cook loss Zhang et al., 2012) . Our results were inconsistent with these findings, as we observed no detrimental HS impacts on WHC in general. An increase in drip loss of muscles from broilers exposed to chronic HS has been implicated to protein denaturation and/or loss of protein functions induced by a rapid pH decline while the carcass temperature is high (Yalçin et al., 2005; Zhang et al., 2012 ). In the current study, although the breast muscles from the HS group showed more rapid pH decline compared to the thermoneutral group, the extent of difference in pH was small (less than 0.2 units) and thus would unlikely induce protein denaturation and subsequent defects in protein functionality. However, it is of interest to note that probiotic feeding decreased the display weight loss of broiler breast samples during retail storage. In addition, there was a trend where probiotic feeding decreased drip loss of breast muscle from the HS group. Zhou et al. (2015) reported that broilers fed 400 mg/kg of a probiotic dietary supplement that includes B. subtilis had a lower cook loss. The exact mechanism by which probiotic feeding affects the rate of postmortem glycolysis and subsequently protein denaturation and/or WHC is largely unknown and warrants further investigation.
Warner-Bratzler Shear Force
Heat stress, probiotic feeding, and their interaction had no impact on shear force of broiler breast muscles (P > 0.05; Table 1) . Inconsistent results between studies have been reported for the impact of HS on tenderness. Zhang et al. (2012) found HS increased toughness, whereas Lu et al. (2007) found that chronic HS had no significant impact on the shear force of broiler breast meat. Similarly, reported results are inconclusive as to whether probiotic supplementation enhances meat tenderness; some studies found probiotic feeding enhances tenderness (Zhou et al., 2010; Bai et al., 2016) , whereas others have found no difference Kim et al., 2016) . Janisch et al. (2011) reported the tenderness of breast meat was strongly correlated with the ultimate pH thereof. As there was a relatively small difference in the present study between treatments for ultimate pH, it would be reasonable to find no difference in shear force between treatments. Further, regardless of treatments, the averaged shear force value of the overall breast muscles was around 18.61 N in the current study, which could be considered very tender.
Total Lipid Content
Neither HS nor probiotic feeding had an impact on total fat content (P > 0.05; Figure 2A and Table 2) . Although no significantly different, breast muscles from the HS group showed numerically lower total lipid content than the thermoneutral group. The changes of fat deposition in breasts of chickens under chronic HS have been controversial. Geraert et al. (1996) reported that chickens exposed to chronic HS increased lipid gain compared with the thermoneutral, pair-fed group; additionally, Baziz et al. (1996) reported higher lipid content in breast muscle from HS broilers. However, other studies have reported decreased fat content of HS chicken (Shim et al., 2006; Dai et al., 2009 ). Jahromi et al. (2016) reported no difference in unsaturated fatty acid content between chicken under 24
• C (thermoneutral condition) and 35
• C (HS condition).
Phospholipid Content
An interaction between HS and probiotic feeding on phospholipid content was found (P = 0.0033; Figure 2B and Table 2 ). Within HS group, phospholipid content was decreased with probiotic feeding. Phospholipids are major components of membranes in mitochondria, the site of oxidative respiration within the cells. Previous studies reported that various stressors (such as exercise or HS) increase the mitochondria counts of skeletal muscle cells in rats, as the results of increased metabolism and stress-reduced individual mitochondrial efficiency (Liu and Brooks, 2012; Salgado et al., 2017) . Additionally, phospholipids are highly unsaturated and therefore are highly susceptible to oxidative damage; phospholipids account for a significant portion of lipids that are oxidized in meat and poultry products (Pikul and Kummerow, 1991; Muhajid et al., 2007) . Similar to our current study, it has previously been found that probiotic feeding increases phospholipid content in breast muscles from broilers raised under thermoneutral condition (Kim et al., 2017) . It is of our interest to note that in our current study, probiotic feeding decreased the phospholipid content within the HS broilers. This observation is largely unclear, but it might indicate that probiotic feeding might affect the mitochondrial metabolism in the cells changing the phospholipid content in the muscle. However, as there is little research on mitochondrial concentration in HS or probiotics-fed broilers, this speculation would warrant further investigations. 
2-Thiobarbituric Acid Reactive Substances
An interaction between HS and probiotic feeding on TBARS value was found (P = 0.002; Figure 3 and Table 2). Heat-stressed broiler breast muscles had greater lipid oxidation compared to thermoneutral counterparts (P < 0.05), yet within the HS broilers, probiotic feeding decreased TBARS levels. Previous studies indicate an increase in MDA concentrations in broilers subjected to acute or chronic HS, as HS creates an overproduction of ROS in the body, and consequently, incurs lipid oxidation in tissues (Altan et al., 2003; Wang et al., 2009; Azad et al., 2010) . However, chronic HS from an early age (also known as heat shock preconditioning) may allow for the broilers to develop intrin- sic responses against oxidative damage; in a previous study, broilers exposed to chronic HS from an early age were found to have a lower MDA concentration than unexposed counterparts (Altan et al., 2000) . Our study found an increase in TBARS value within the thermoneutral group fed probiotic supplementation. This may be accounted for as probiotic feeding has been found to increase the unsaturated fatty acid profile in poultry meat and pork, possibly as fatty acids are conjugated in the gut by the bacteria followed the probiotic supplement (Ross et al., 2012) . Previously, some studies found that dietary probiotics may have an antioxidant effect, as the supplementation of dietary probiotics decreases lipid oxidation in broiler meat products Ali, 2010; Aristides et al., 2012; Kim et al., 2016) . Our results of TBARS value and phospholipid content of broiler breast muscles exhibited a similar tendency, which could imply that the TBARS value would be associated with the change of the phospholipid content induced by HS and/or probiotic feeding.
DPPH Radical Scavenging Capacity
As determined by the DPPH assay, the breast muscle of HS group showed increased free radical scavenging activity as compared with their thermoneutral counterparts (P < 0.05; Figure 4 and Table 2 ). Additionally, there was a significant interaction between HS and probiotic feeding (P < 0.05), where probiotic feeding increased DPPH radical scavenging activity in the meat samples collected from thermoneutral broilers. As previously discussed, HS increases ROS production including peroxide and superoxide anions due to increased respiration. Furthermore, previous research finds that heat shock pre-conditioning can enhance endogenous ROS scavenging activity and prevent injury to skeletal muscle tissue (Azad et al., 2010) . Therefore, our observation of increased DPPH radical scavenging activity in breast muscle from HS group may indicate those broilers produced more ROS, but developed an endogenous mechanism, through which to mitigate oxidative damage. Probiotic feeding to HS broilers decreased DPPH radical scavenging activity slightly, although this difference was not found to be significant. These findings indicate that HS broilers might continue to overproduce ROS even when they were supplemented with dietary probiotics.
Endogenous Antioxidant Enzyme Activity
The statistical results of endogenous antioxidant enzyme activities of broiler breast muscles are shown in Table 2 . Chronic HS decreased GPx (P < 0.0001; Fig- ure 5B) and SOD (P < 0.0001; Figure 5C ) activities, indicating impaired antioxidant defense system in broilers, whereas no significant effects were found for CAT activity ( Figure 5A ). Probiotic feeding decreased SOD (P < 0.0001), but significantly increased GPx (P = 0.0007) with an interaction between probiotic feeding and HS (P = 0.009). CAT, SOD, and GPx have important roles in inhibiting/scavenging ROS generation in living cells, and their functions affect the lipid oxidation stability of poultry meat during storage (Bai et al., 2016) . Altan et al. (2003) reported that significant increases in CAT, GPx, and SOD activities were found in HS broiler serum compared to unheated broilers counterpart. In addition, Azad et al. (2010) reported that chronic HS (cyclic and constant) increased SOD and GPx activities in broiler breast muscle, as the result of adjusted reaction to ROS overproduced by HS. Previous studies have suggested that increased antioxidant enzyme activity is a consequence of a protective response (Altan et al., 2003; Azad et al., 2010) . However, ROS overproduction plateaus as the body increases its intrinsic free-radical scavenging capability (Azad et al., 2010) . Thus, inconsistent tendency on endogenous antioxidant enzyme activity under HS would be likely associated with multiple factors including exposure period and intensity of HS.
Our study similarly found that probiotic feeding decreased lipid oxidation as well as decreased antioxidant activity in breast muscles of HS chickens. Previous investigations found that the dietary supplementation of probiotics increased antioxidant enzyme capacity of broiler breast meat (Bai et al., 2016) . Contrary to previous findings, we found probiotic feeding increased GPx activity within the thermoneutral group, but had no effect within the HS group. Additionally, probiotic feeding decreased SOD activity under both temperature conditions, although no interaction with HS was observed. SOD plays a primarily important role in catalyzing superoxide along with CAT and GPx in the endogenous antioxidant enzymatic defense system (Azad et al., 2010) . Taking these together, it could be surmised that antioxidant enzyme activity may possibly contribute to improved oxidative stability of breast meat of HS broilers fed probiotics to a certain extent, but other (antioxidant) mechanisms would be greatly involved with oxidative stability of breast muscle from broilers exposed to HS and/or fed probiotics.
HSPs Determination
HSPs are cytoprotective proteins produced in response to stressors such as HS; under HS condition, cells overproduce ROS, which in turn upregulates HSP expression in the liver, the intestines, and skeletal muscle tissue (Salo et al., 1991) . In this study, western blots for HSP70 and HSP27 were performed to elucidate the relationship between oxidative stress and HSP abundance in skeletal muscle under HS and/or with probiotic supplementation ( Figure 6 ). As shown in Table 3 , the results showed that HS resulted in increased tendency on HSP70 (P = 0.08) and increased HSP27 abundance (P = 0.05) in broiler breast muscle. However, probiotic feeding had no effect on HSP70 or HSP27 abundance (P > 0.05).
It has been reported that exposing broilers to acute HS increases HSP27 gene expression in the hypothalamus (Tu et al., 2016) . The induction of HSP27 expression by other means, such as aspirin supplementation prior to HS, has been shown to mitigate oxidative damage under these condition on chicken heart tissue as well (Wu et al., 2016) ; however, the mechanism for this has not be deduced. Additionally, HSP70 is found to be upregulated in the liver, lung, and heart in broilers subjected to the similar conditions (Mahmoud et al., 2004; Akdemir et al., 2015) . These results were in line with our findings of increased HSP27 abundance in HS broiler breast muscles. The increased abundance of HSP27 and 70 observed in our HS broilers aligns with our result of DPPH radical scavenging activity in such a way that HS increased both HSP expression and free radical scavenging activity, suggesting some activated endogenous protection systems by which broilers could mitigate oxidative damage to tissues. Additionally, probiotics have been implicated with increasing HSP expression in intestinal tissues, which could mitigate oxidative damage to the gastrointestinal system and other tissues in the body (Zheng et al., 2014) . In contrasts, our results found that probiotic feeding had no significant impact on HSP70 and 27 abundance in breast muscles regardless of ambient temperature. This was similar with our result of DPPH radical scavenging activity, which also showed no significant impact of probiotic feeding. Taken together, these findings suggest that although ROS scavenging is critical in HS broilers as an endogenous protection mechanism, the improvement of probiotic feeding makes to oxidative stability of the meat may be more related to other pathways besides these protection systems.
In conclusion, our findings from this study show that chronic HS resulted in oxidative quality defects in broiler breast muscle. However, the supplementation of Table 3 . Quantified results of HSP70 and 27 in breast muscle (from broilers exposed to heat stress and/or fed with probiotics) analyzed at 24 h postmortem. dietary probiotics to the broilers exposed to chronic HS could not only mitigate detrimental quality defects induced by oxidative stress in skeletal muscle tissue, but also result in improved breast meat weight compared to the regular diet-fed broilers. These observations suggest that probiotics could be a viable feeding strategy for the broiler industry to improve meat quality and oxidative stability of broiler meat. Further, it would be particularly beneficial in the tropic and subtropical regions where birds may be more often exposed to chronic HS. Further studies to determine the underlying mechanisms, by which dietary probiotic supplementation may protect against oxidative damage to the broiler skeletal muscle under HS condition, would be highly warranted.
ACKNOWLEDGMENTS
Thanks are given to Derico Setyabrata, Danyi Ma, Moriah Penick, Brandon Meyers, Gary Waters, and Blaine Brown in the Meat Science Laboratory at Purdue University for assistance with sample and data collection. This activity was funded by Purdue University as part of AgSEED Crossroads funding to support Indiana's Agriculture and Rural Development. Mention of trade names or commercial products in this article is solely for the purpose of providing specific information and does not imply recommendation or endorsement of the USDA. The USDA is an equal opportunity provider and employer.
